To consider effective resource management strategies for the coconut crab, Birgus latro, we determined the size of males at sexual maturity by histological methods and investigated an optimal method to estimate the number of sperm in spermatophores. The size of 50% sexual maturity in male coconut crabs was estimated at 22.2 mm thoracic length (TL) on the Hatoma Island, Japan. We established a procedure to soak spermatophores for more than 120 min in a 20% NaOH solution before mixing, and to count the sperm within 24 h after mixing, thereby enabling us to assess the number of sperm per individual and estimate male reproductive potential. Using this method, we investigated the relationship between male size and number of sperm retained by males. Larger male coconut crabs have a higher number of sperm in both the vasa deferentia and testis. The relationships between male size and spermatophore volume also increased with increasing male size, and the sperm quantity packed in a spermatophore increased with increasing spermatophore volume. Thus, male coconut crabs display a size-dependent reproductive output, as is reported for other species of anomurans.
INTRODUCTION
To prevent depletion of biological resources, production of inseminated eggs, i.e., female reproductive success, must be sustained, and an understanding of the factors that influence the female reproductive success is essential. Female reproductive success can be affected by various factors including timing of mating (Sato et al., 2005a) and availability of resources (Strong et al., 2004) . Insufficient supply of sperm, i.e., sperm limitation, also constrains female reproductive success (MacDiarmid and Butler, 1999; Rondeau and Sainte-Marie, 2001; Sato et al., 2006; Sato and Goshima, 2007a) . Generally, sperm production is both costly and slow (Dewsbury, 1982; Pitnick and Markow, 1994) , and therefore males do not always have sufficient sperm to fertilize all eggs spawned by a female (Pitnick and Markow, 1994; Preston et al., 2001; Sato et al., 2005b; Sato and Goshima, 2006) . In large decapods, small males generally have smaller sperm reserves (Jivoff, 1997; Kendall et al., 2001; Sato et al., 2005b) and pass smaller ejaculates than larger males (Jivoff, 1997; MacDiarmid and Butler, 1999; Sato et al., 2006) . Therefore, the risk of sperm limitation for females is related to the population demographic structure (Sato and Goshima, 2006) , and females in populations with only small males may receive reduced sperm supplies that would limit their reproductive output (Sato et al., 2007) . As a result, in order to determine adequate fishing regulations, e.g., establishing minimum legal size limits, it is necessary to determine the effects of any decrease in male size on male reproductive potential.
Furthermore, to elucidate the relationship between male size and reproductive potential, we must have a suitable method to apply to each species studied to quantify the number of sperm produced by males or the number of ejaculated sperm (Sato et al., 2005b; Sato and Goshima, 2006 ). In each species in which sperm is packaged in spermatophores, all packed sperm must be released and separated from the spermatophores before being able to count the sperm. Sato et al. (2004) and Sato and Goshima (2006) established a method for anomuran crabs [spiny king crab, Paralithodes brevipes (H. Milne Edwards and Lucus, 1841) and stone crab, Hapalogaster dentata (de Haan, 1844) ] to extract the sperm from the spermatophores using a 20% sodium hydroxide (NaOH) solution, and thus enabling us to quantify the number of sperm accurately and to estimate the male reproductive potential in these species (Sato et al., 2005b; 2006; Sato and Goshima, 2006) . As NaOH solutions are strong alkali that dissolves protein, sperm in the spermatophore are released when the spermatophore is dissolved by soaking it with such a solution. However, a suitable method using 20% NaOH solution should be established for each study species because spermatophore morphology varies with species (Tudge, 1991) , which in turn would affect the procedure using NaOH solution, e.g., determining adequate NaOH soaking time to extract all sperm.
The coconut crab, Birgus latro (Linnaeus, 1767) , is an anomuran crab and lives on oceanic islets and atolls as well as coastal areas of the tropical Indo-Pacific region. The populations in most habitats have been severely depleted or are virtually extinct because of loss of habitat and the species' popularity as a food source (Amesbury, 1980; Wells et al., 1983; Fletcher, 1993) . There have been few serious attempts to manage the stocks of coconut crabs in any region (Fletcher, 1993) . Minimum legal size limits for this species have been imposed in some areas, e.g., Guam and Vanuatu, and capture of ovigerous females have been banned the in Guam and the Federated States of Micronesia. However, these management strategies for the most part are not based on scientific evidence because only minimal data is available concerning both size at sexual maturity (Fletcher et al., 1990) , and the relationship between body size and reproductive potential. Determining the optimal minimum legal size is one of the first steps to conserve coconut crab resources. For this determination, the body size at sexual maturity as well as the relationship between body size and reproductive output needs to be clarified. B. latro has spermatophores (Matthews, 1956 ) and the male deposits a spermatophore mass on the female pleon over the gonopore openings during mating (Fletcher, 1993) . Thus, the development of an accurate method to extract sperm from spermatophores is necessary prior to investigating the correlation between male size and reproductive potential.
In this study, we first estimated the size of males at sexual maturity in coconut crabs based on the location of the spermatophores in their vasa deferentia. Secondly, we established a method to extract the sperm from the spermatophores of this species using a solution of 20% NaOH. Thirdly, we investigated the relationship between male size and the number of sperm retained by males (an index of male reproductive potential), and the relationship between male size and spermatophore size.
MATERIALS AND METHODS

Collection of Crabs
Crabs were collected on Hatoma Island, southwest of Okinawa, Japan (248289N, 1238499E), from late March to late July in 2007. The reproductive season is from early June to late August on Hatoma Island where coconut crabs are harvested (T. Sato and K. Yoseda, unpublished data) . Captured crabs were sexed according to the presence of pleopods on the left ventral surface that are used to support their eggs-masses (Fletcher, 1993) . Their thoracic length (TL) was measured to the nearest 0.1 mm using Vernier calipers, and they were transported to Ishigaki Tropical Station, Seikai National Fisheries Research Institute, where all laboratory experiments were performed.
Experiments
Experiment 1: Male Size at Sexual Maturity.-We have noted that male coconut crabs store their spermatophores in the vasa deferentia, spermatocytes in the testis but not in the vasa deferentia, and spermatozoa (unpackaged sperm) in both testis and vasa deferentia. Thus, sperm are produced in the testis and are then transferred to the vasa deferentia, where they are packaged into spermatophores. The spermatophores are attached to the surface of the female pleon during mating and are retained there until spawning and fertilization (Fletcher, 1993) . The time interval between mating and spawning, though still unknown, has previously been presumed to be less than two weeks (Fletcher, 1993) . Mature males must have spermatophores in their vasa deferentia, and their spermatophores must be resistant to water exposure (rain, night dew, and sea water splashes), and keep their shape and function until spawning. Actually, we observed that spermatophores of larger male crabs resist soaking with fresh and sea water and do not burst for at least 24 h. Therefore, in this study we defined sexually mature males as those possessing spermatophores in the vasa deferentia near the gonopores that resist soaking in water.
We dissected 71 males with a body size range of 15.3-55.2 mm TL and removed the vasa deferentia. We observed the vasa deferentia near the gonopore under a stereomicroscope to confirm the presence of spermatophores. If no spermatophores were present in both vasa deferentia, such males were defined as immature males. In contrast, if spematophores were present in either vas deferens, 30 spermatophores were removed with a pair of forceps from the vas deferens near the gonopores. Of the 30 spermatophores, fifteen were soaked in a petri dish filled with 10 ml fresh water and the others were soaked in a petri dish filled with 10 ml sea water. The condition of spermatophores was observed under a microscope to confirm whether or not the spermatophores were available for mating, that is, whether they were stable or burst in a 10 min period. In these treatments, soaked spermatophores response was dichotomous, i.e., either all remain intact or all burst. The proportion of sexually mature males (M) in every 2.5 mm size class was calculated and fitted by a non-linear modeling procedure to the logistic model as
where a and b are parameters of logistic function. The size of 50% sexual maturity (SM 50 ) was estimated from the logistic curve. In this analysis, males larger than TL 30 mm were combined into one size class.
Experiment 2: Optimal Method to Extract Sperm from Spermatophores.-We examined both the adequate soaking time with 20% NaOH solution needed to release all packed sperm from spermatophores, and the time needed for sperm to resist dissolution in that solution. Five mature males (TL 31.1-37.6 mm) were dissected, and spermatophores were removed from their vasa deferentia near the gonopores. Two-hundred-fifty spermatophores were removed from each male under a stereomicroscope and divided into five replicates of fifty spermatophores; these were then placed in individual 1 ml microtubes containing 0.5 ml 20% NaOH solution. At 15, 30, 60, 120, or 180 min after soaking in the solution the contents of one microtube were mixed by using a vortex-type mixer for 30 sec. Each mixed solution was then placed immediately into a Thoma hemacytometer. Sperm in 0.1 ll of the solution were then counted under an optical microscope, and the total number of extracted sperm in each microtube was calculated. The counts were repeated four times for each tube, and the mean of the four counts was used as the number of sperm in the tube. These procedures were conducted for each male, i.e., there were five tubes for each treatment. Data of the number of extracted sperm per male were tested for homogeneity of variance by using the Levene test and were analyzed with one-way ANOVA randomized block design. The Bonferroni multiple comparison test was used to identify significant differences among soaking time treatments.
To confirm the conditions of spermatophores, the mixed solutions were examined immediately after the sperm counts. Five hemacytometers with solutions mixed after 180 min soaking were retained for 24 h after sperm counting. After 24 h, we examined the condition of sperm in these hemacytometers again, and re-counted the number of sperm in the grid of each hemacytometer to confirm whether the sperm had dissolved.
In addition, we examined whether sperm were released from spermatophores by soaking with fresh or sea water. Three mature males (TL 32.6-36.6 mm) were dissected, and spermatophores were removed from their vasa deferentia near their gonopores. Five hundred spermatophores were removed from each male under a stereomicroscope and divided into ten replicates of fifty spermatophores that were then placed in individual 1 ml microtubes. Five of these microtubes contained 0.5 ml fresh water and five contained 0.5 ml filtered seawater. At 15, 30, 60, 120 or 180 min after soaking the contents of one microtube containing fresh water or filtered seawater were mixed by using a vortex-type mixer for 30 sec, and then the total number of sperm were counted by the same method used in above experiment (see Discussion). The counts were repeated four times for each tube, and the mean of the four counts was used as the number of sperm in the tube. These procedures were conducted for each male, i.e., there were three tubes for each treatment. After sperm counting, the conditions of spermatophores in the mixed solutions were observed. Experiment 3. Number of Sperm in Vasa Deferentia and Testis.-We examined the relationship between male size and the number of sperm in the vasa deferentia and the testis. Before the reproductive season, twenty three males (TL 18.1-55.2 mm) were dissected, and the vasa deferentia and testis were removed from males individually under a stereomicroscope; removed vasa deferentia and testis were placed separately in a 50 ml tube with a volume of 20% NaOH solution that depended on the size of the organ (either 10 or 40 ml). The total number of sperm in each tube was counted by method that was thought as an optimal method to count sperm in Experiment 2 (see Discussion). The counts were repeated four times for each tube, and the mean of the four counts was used as the number of sperm in the tube. In the case that the volume of the vasa deferentia was too large to soak in the one tube, each vas deferens was placed in a 50 ml tube with 40 ml 20 % NaOH solution, and then the estimated number of sperm in each tube was pooled. The relationship between male size and the number of sperm in the vasa deferentia or testis was found by linear regression following log transformation.
Experiment 4: Spermatophore Size and Number of Sperm in a Spermatophore.-First, we examined the relationship between male size and the volume of the spermatophore. Twenty four males (TL 18.1-55.2 mm) were dissected, and then 10 spermatophores were removed from the males near their gonopores. The major axis and minor axis of these spermatophores were measured using an objective micrometer under a stereomicroscope. In most cases, the major axis was the width of ampulla and the minor axis was the length between the top of the ampulla and the joint of the ampulla and stalk. The mean of the ten measures was used as datum for each axis. These procedures were conducted for each male. In this study, we assumed that spermatophores were ellipsoid and the volume of spermatophore was estimated as Volume of spermatophore ¼ p=6 3 a 3 b 2 where a was the major axis of spermatophore, and b was the minor axis. The relationship between male size and the spermatophore volume was found by linear regression.
Secondly, we examined the relationship between male size and number of sperm in a spermatophore. Twenty-three mature males (TL 18.1-55.2 mm) were dissected, and the spermatophores were removed from their vasa deferentia near the gonopores. Ten spermatophores were removed from each male under a stereomicroscope and were placed into a 0.6 ml microtubes containing 0.2 ml 20% NaOH solution. The total number of sperm were counted using the method that was thought as optimal determined from Expt. 2 (see Discussion). The counts were repeated four times for each tube per male, the mean of the four counts was used as the number of sperm in the tube, and the number of sperm in a spermatophore was calculated. The relationship between the male size and the number of sperm in a spermatophore was found by linear regression after log transformation.
RESULTS
Experimenet 1 Male Size at sexual maturity
In Fig. 1 we see the proportion of sexually mature males in relation to body size. The size of smallest male possessing spermatophores in the vasa deferentia was 17.8 mm TL. However, no male smaller than 19.3 mm TL was sexually mature, i.e., their spermatophores burst within 10 min and released their sperm when they were soaked with both water (fresh and sea water). All males larger than 25 mm TL possessed stable spermatophores in their vasa deferentia and were defined as sexually mature males. By fitting a logistic curve M ¼ 1 / [1 þ exp (16.645 À 0.75 3 TL)], the size of 50% sexual maturity was estimated as 22.2 mm TL (Fig. 1) .
Experiment 2 Optimal Method to Extract Sperm from Spermatophores
The number of extracted sperm with a 20% NaOH solution was significantly different among the treatments (one-way ANOVA randomized block design, F 4, 16 ¼ 61.00, P , 0.001, Levene test, P ¼ 0.76; Fig. 2 ). Bonferroni multiple comparisons showed significant differences between 15 or 30 minutes, and 60, 120, or 180 minutes of exposure (mean 6 SE, 15 min: 2.88 6 0.44 3 10 5 ; 30 min: 3.52 6 0.34 3 10 5 ; 60 min: 6.5 6 0.42 3 10 5 ; 120 min: 6.67 6 0.61 3 10 5 ; 180 min: 6.82 6 0.58 3 10 5 , Fig. 2 ). Some unruptured spermatophores were seen only in the 15 min and 30 min treatments. In the 60 min treatment, although all spermatophores ruptured and released all sperm, the released sperm cells occurred in aggregates, preventing us from counting the number of sperm accurately. In contrast, no unruptured spermatophores or aggregates were observed in both 120 and 180 min treatments. At 24 h after mixing, the sperm bodies, i.e., the acrosome and perforatorial chamber, appeared to be intact, but the microtubular arms of sperm (Tudge and Lamieson, 1991) had been dissolved. The number of sperm in the grid of the hemacytometer was equivalent to that of the first count at after the 180 min soaking. In contrast, no sperm were released from spermatophores by soaking with fresh water and sea water, and no ruptured spermatophores were seen in all microtubes after mixing.
Experiment 3 Number of Sperm in Vasa
Deferentia and Testis
The number of sperm in the vasa deferentia and the testis increased significantly with increasing male size (linear regression, vasa deferentia: log 10 no. of sperm ¼ 4.89 3 log 10 TL þ 0.39, R 2 ¼ 0.82, N ¼ 23, F 1, 21 ¼ 94.67, P , 0.001; testis: log 10 no. of sperm ¼ 4.11 3 log 10 TL þ 1.00, R 2 ¼ 0.71, N ¼ 23, F 1, 21 ¼ 52.04, P , 0.001, Fig. 3 ).
Experiment 4 Spermatophore Size and Number of Sperm in a Spermatophore
Both the spermatophore volume and the number of sperm in a spermatohpre increased significantly with increasing male size (linear regression, volume of spermatophore: Fig. 4 ; number of sperm in a spermatophore: log 10 Fig. 1 . Proportion of mature males in every 2.5 mm size class of coconut crab (Birgus latro). Numbers in parentheses indicate the numbers of male crabs examined. The size at 50% sexual maturity (SM 50 ) was estimated as 22.2 mm TL, and is indicated by the dashed line. number of sperm ¼ 3.87 3 log 10 TL -1.80,
DISCUSSION
Male size at sexual maturity is an important criterion for stock management of crab resources. For example, the minimum legal size limits for males are usually determined based on size at maturity, which allows males to mate at least once after reaching maturity (Donaldson and Donaldson, 1992; Myers and Mertz, 1998) . Fletcher (1993) indicated that male coconut crabs generally reach sexual maturity at a size of approximately 25 mm TL. In this study, fifty percent of male coconut crabs had matured at 22.2 mm TL and all males larger than 25 mm TL were defined as sexually mature individuals, which agrees with Fletcher (1993) .
Although the presence of spermatophores in the vasa deferentia is a good indication that a male crab is sexually mature (Watson, 1970) , it does not always imply that such a male crab is sexually active. That is, the presence of spermatophores does not necessarily indicate the ability of a male to mate with females in the natural population. Generally, the criterion for functional maturity is much larger than the sizes indicated by histological and morphometric maturity in both sexes (Goshima et al., 2000; Chang et al., 2007 ; but see Goñi et al., 2003) , and the minimum legal size limit for male crabs would be better determined by actual size of males that participate in mating (functional maturity). Goshima et al. (2000) suggest the minimum legal size limit for male crabs should conservatively be set larger than the functional maturity. As such, to determine the optimal legal size limit for male coconut crab, we need to investigate the size of males of mating pairs in the natural population. Besides, to conserve coconut crab resources in each region it is also necessary to consider any geographical variation in size at maturity as reported in other species (Paul et al., 1991; Goñi et al., 2003) .
We determined the optimal procedure for the study of coconut crabs was to soak the spermatophores for more than 120 min in 20% NaOH solution before mixing, and to count the sperm within 24 h after mixing. Studies of some crustacean species (Rondeau and Sainte-Marie, 2001; Kendall et al., 2002) report methods to count sperm in which the contents of the female spermathecae are homogenized and filtered to collect and count sperm. However, there are some problems when this method is applied to anomuran crabs in which males possess spermatophores and the spermatophores are enveloped in adhesive materials (Hess and Bauer, 2002) . First, examining the number of sperm is difficult when male reproductive tract (vasa deferentia and testis) is too large to homogenize. Second, released sperm from the spermatophores become enveloped in the adhesive materials during the homogenizing, forming aggregates of sperm and adhesive materials that makes the counts unreliable. In contrast, the method using NaOH solution (Sato et al., 2004; Sato and Goshima, 2006) is applicable for the anomuran crabs because it can be used on any size of spermatophore and provides disaggregated sperm for reliable counts, and it can facilitate studies of the reproductive ecology of many crustaceans, e.g., relationships between male size and reproductive potential, not just that of coconut crab. Nevertheless, we should examine whether the method using 20% NaOH solution can be applied to each crustacean species. The optimal soaking time with 20% NaOH solution used here for coconut crab was different from that for the spiny king crab (Sato et al., 2004) and the stone crab (Sato and Goshima, 2006) , which would result if spermatophore morphology differs among these species (Tudge, 1991) .
In anomurans, larger males have larger numbers of sperm than smaller males and show size-dependent reproductive potential (Paul and Paul, 1997; Sato et al., 2005b; Sato and Goshima, 2006) . In these species, larger males can fertilize more females (Paul and Paul, 1997; Sato et al., 2005b; Sato and Goshima, 2006) and pass larger ejaculates to each mate than small males (Sato et al., 2006; Sato and Goshima, 2007a, b) . The finding in this study, that larger male coconut crabs have higher numbers of sperm in both vasa deferentia and testis, confirms that male coconut crabs also show a size-dependent reproductive potential that is common in other species of anomurans.
In many species in which males possess spermatophores, larger males also produce larger spermatophores (Paul et al., 1991; LaMunyon and Eisner, 1994; Cratsley and Lewis, Fig. 3 . Relationships between male size (TL: thoracic length, mm) and the number of sperm in the vasa deferentia or the testies retained by males in coconut crab, Birgus latro. 2003; but see Jivoff, 1997) , and males sometimes show a morphological switch point in spermatophore size in response to male size (Paul et al., 1991) . In male coconut crabs, the volume of spermatophores also increased with increasing size of the male although the morphological switch point in spermatophores was not observed within the size range of males dissected in this study. Why do larger male coconut crabs possess larger spermatophores? Female coconut crab have no seminal receptacle so fertilization of eggs is presumed to occur as eggs pass from the female gonopores through the spermatophore mass attached to female pleon (Schiller et al., 1991) . In hermits crabs, Hess and Bauer (2002) suggest that the jostling and contact of eggs with spermatophores during spawn may cause the spermatophores to split and release the sperm. Perhaps, larger spermatophores may be better able to make contact with eggs and release sperm during the spawning as compared to smaller spermatophores. In addition, a larger spermatophore contained more sperm than a smaller one, which is the first report in anomuran crabs. Therefore, the larger spermatophores may facilitate the fertilization of a female's eggs more efficiently. If so, the larger spermatophores in the coconut crab may be favored by sexual selection, and larger male coconut crabs may show high reproductive potentials. However, this is just a speculation because our knowledge of the coconut crab's mating system is still rudimentary at best. The mating system of this species and the relationships between male size and the reproductive potential needs to be clarified in future studies. In addition, we should investigate the functional maturity of male coconut crabs based on the relationship between size of the male and size of the spermatophore because we have observed in the field that female coconut crabs retain spermatophores on their pleons.
In this study, we developed a method to extract sperm from spermatophores to accurately assess the number of sperm for coconut crab (number of ejaculated sperm), which would contribute to estimating male reproductive potentials of various body sizes. To conserve and enhance coconut crab resources, it is necessary to consider effective resource management strategies based on scientific data. For example, establishing minimum legal size limits for males may be one way to sustain the production of inseminated eggs, i.e., enhance female reproductive success, in populations of the coconut crab, but this should be determined based on the relationship between male size and reproductive potential. The size of the males at functional maturity in coconut crabs should be also taken into consideration when it is known.
